The construction of efficient enzyme mimetics for the hydrolysis of peptide bonds in proteins is challenging due to the high stability of peptide bonds and the importance of proteases in biology and industry. Metal-organic frameworks (MOFs) consisting of infinite crystalline lattices with metal clusters and organic linkers may provide opportunities for protease mimic which has remained unknown. Herein, we report that Cu 2 (C 9 H 3 O 6 ) 4/3 MOF (which is well known as HKUST-1 and denoted as Cu-MOF here), possesses an intrinsic enzyme mimicking activity similar to that found in natural trypsin to bovine serum albumin (BSA) and casein. The Michaelis constant (K m ) of Cu-MOF is about 26,000-fold smaller than that of free trypsin indicating a much higher affinity of BSA for Cu-MOF surface. Cu-MOF also exhibited significantly higher catalytic efficiency than homogeneous artificial metalloprotease Cu(II) complexes and could be reused for ten times without losing in its activity. Moreover, Cu-MOF was successfully used to simulate trypsinization in cell culture since it dissociated cells in culture even without EDTA.
A rtificial enzyme mimetics have become an increasingly important focus for research, because natural enzymes bear some considerable disadvantages, such as a sensitivity of catalytic activity in environmental conditions, a relatively low stability and a poor recovery 1, 2 . In such context, many nanomaterials, such as fullerene derivatives 3 , gold nanoparticles 4, 5 , rare earth nanoparticles 6 and ferromagnetic nanoparticles [7] [8] [9] , have been found to exhibit unexpected enzyme-like activity. Therefore the term ''nanozymes'' was initially coined by Scrimin, Pasquato and co-workers ten years ago 10, 11 . Because many enzymes contain metal ions in the active site, synthetic metallopeptidases have been the subject of extensive research in the past decades, and important progress has been made 4, [12] [13] [14] [15] [16] [17] . For example, artificial active sites comprising the Cu(II) complex of cyclen (Cu(II)Cyc) and aldehyde group were synthesized on a cross-linked polystyrene to design artificialproteases 18 . Cu( [9] aneN 3 )Cl 2 was also used to hydrolyze Gly-Glyand bovine serum albumin (BSA) at near-physiological pH 12 .
On the other hand, metal-organic frameworks (MOFs), a type of zeolite-like crystalline porous materials, have been extensively exploited in applications for gas storage, separation and catalysis because of their extremely large surface areas and wide variety of shapes and porosity [19] [20] [21] [22] [23] [24] [25] . Biological systems such as enzymes interact and function through multiple simultaneous interactions 26 . Therefore, it occurred to us that MOFs should be suitable to act cooperatively in a catalytic process of enzymes as those well-explored metal complexes [12] [13] [14] [15] [16] [17] . Indeed, mesoporous MOF PCN-222(Fe) with porphyrinic Fe(III) centers 27 , Fe(III)-based MIL-53 28 , MIL-68 and MIL-100 29 were found to be effective peroxidase mimics. But so far, efforts devoted to the use of MOFs as adsorbents for peptide enrichment 30 , protein conjugationor 31 , or enzyme immobilization [32] [33] [34] [35] [36] [37] are still limited. Although enzymes such as microperoxidase-11 32 , myoglobin 33 , heme enzymes 34 , hemin enzymes 35 and trypsin 36, 37 have been successfully immobilized onto MOFs. The desirable features of MOFs have rarely been applied to an enzymatic mimic, let alone intrinsic enzyme-like properties and simulation of trypsinization in cell culture. In particular, the possibility of MOFs as intrinsic proteasemimic has remained unknown, though MOFs continuously attract many researchers to explore their unparalleled potentials for a wide range of applications.
Trypsin was chosen as a model because it is the most commonly used proteolytic enzyme for protein digestion and transformation into peptides for proteomics studies as well as for industrial production 36 . Moreover, designing enzyme-like catalysts for the hydrolysis of the peptide bonds of proteins is challenging in view of the high stability of those bonds 18, 38 . surface. For the simulation of trypsinization in cell culture, Cu-MOF was also used to dissociate Lung cancer A549 cells since trypsin-EDTA (ethylene diaminetetraacetic acid) has been widely used for subcultivation and scale-up of several cell lines, to detach cells from either static or carrier surfaces.
Results
Characterizations of catalyst. The X-ray diffraction (XRD) pattern of the as-synthesized Cu-MOF is shown in Supplementary Fig. S1 . The diffraction peaks are all corresponded to the products synthesized by Klaus Schlichte 43 and the overall is agreement with a pattern calculated from crystallographic data in this reference. The textural properties of Cu-MOF have also been investigated by N 2 adsorption-desorption measurement ( Supplementary Fig. S2, S3) . The adsorption-desorption isotherm of Cu-MOF is of type I indicating the presence of the microporous network, which possesses a specific pore volume of 0. 46 Supplementary Fig. S4 ). According to the Fourier transform infrared spectroscopy (FT-IR) spectrum between 500 and 3800 cm 21 ( Supplementary Fig. S5 ), the peaks at 730 and 1110 cm 21 could be assigned to the vibrations of the organic ligand (BTC, 1, 3, 5-Benzenetricarboxylic acid). The zone between 1300 and 1700 cm 21 is related to the carboxylate ligands and is thus indicative of the coordination of BTC to the copper sites 44 . More precisely, the bands at 1642 and 1590 cm 21 and at 1446 and 1371 cm 21 corresponds to the asymmetric and symmetric stretching vibrations of the carboxylate groups in BTC, respectively 45 . The peaks near 3423 cm 21 correspond to the stretching vibrations of the O-H linkage on the surface of the sample. All the results mentioned above confirmed that Cu-MOF was properly synthesized.
Proteolytic reaction catalyzed by Cu-MOF. Proteolytic activity of Cu-MOF was examined using BSA, a 66,000 Da protein, as the substrate. While the buffer solution containing a protein substrate (15 mM) was shaken with Cu-MOF, disappearance of the protein was observed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 46, 47 . Measurement of the total amino acid content of the product solution separated from Cu-MOF by centrifugation confirmed that the disappearance of the electrophoretic band of BSA was not due to the adsorption onto the catalyst 48 . It was observed that BSA was hydrolyzed by Cu-MOF at 37uC and pH 9.0. Although hydrolysis was very weak, many fragment bands appeared with the molecular weights of approximately 55, 40, 32, 25, 15 and 12 kDa after 30 min (see Supplementary Fig. S6 ). The intensities of BSA bands reduced slowly within five hours, which means the catalytic activity of Cu-MOF was very weak at 37uC. The intensities of these fragment bands were also very low, indicating that the observed fragments were intermediary products and further hydrolysis proceeded during the reaction. Nevertheless, Cu-MOF acted as the digestion enzyme and cleaved BSA. Temperature and pH values are crucial factors that affect the digestion results. We found that pH 9.0 was suitable for the reaction ( Supplementary  Fig. S7 ). The catalytic activity was influenced more significantly by temperature at a lower pH. When the temperature was raised from 37uC to 50uC, the intensities of BSA bands reduced and discrete polypeptides appeared after 10 min (Fig. 1a) . Then BSA was further cleaved with time, resulting in a significant loss in intensity of the BSA band. When BSA was incubated at 70uC, it was cleaved into a myriad of fragments, resulting in a significant loss in intensity of the BSA band and a concomitant smear on the SDS-PAGE gel. The band of BSA disappeared after 15 min, which revealed the enhancement of the digestion activity at 70uC (Supplementary Fig. S8 ).
Unsurprisingly, large amount of BSA could still be digested in this harsh condition. By contrast, there was only a fragment with the molecular weight of approximately 55 kDa appeared at 70uC and pH 7.4 (lane 2, Fig. 1b) , which illustrated the activity of trypsin was inhibited significantly at high temperature. For Cu-MOF, the four bands of protein with 55, 40, 37 and 32 kDa can be observed at 70uC and pH 7.4 (lane 4, Fig. 1b) . This implied that the activity of Cu-MOF was not affected by the high temperature indicates that Cu-MOF possesses a better heat-resistance than free enzymes.
A typical matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) spectrum of the product solution obtained by cleavage of BSA over Cu-MOF at pH 9.0 and 50uC for 50 min is illustrated in Supplementary Fig. S9 Kinetic studies. The proteolytic activity of Cu-MOF was further examined by kinetic measurements. The rate of BSA hydrolysis was measured by SDS-PAGE in Fig. 1a and Supplementary Fig. S8 . The pseudo-first-order kinetic constant (k 0 ) was estimated from the logarithmic plot illustrated in Fig. 2a and 2c . Within the range of the Cu-MOF concentrations considered, typical Michaelis-Menten curves were observed (50uC in Fig. 2b and 70uC in Fig. 2d ) and the data were analyzed by a nonlinear regression program from which important kinetic parameters can be extracted ( Table 1) . The Michaelis constant, K m is a characteristic value irrelevant to the concentrations of substrate and enzyme, and is often associated with the affinity of the catalyst molecules for the substrate 27 . The greater the K m value is, the weaker the binding between the enzyme and substrate. The K m value of Cu-MOF with BSA as the substrate under the optimum conditions was about 26,000-fold lower than free trypsin (0.99 3 10 4 M 21 ) 49 , suggesting that Cu-MOF has a higher affinity for BSA than trypsin. It is also significantly lower than most of the artificial metalloprotease Cu(II) complexes in Table 1 .
The k cat value represents the maximum number of substrate molecules turned over per catalyst molecule per unit time. It gives a direct measure of the catalytic activity. It can also be viewed as the optimum turnover rate 34 . The derived k cat of Cu-MOF shows a value of 20.98 3 10 4 s 21 at 70uC, which is approximately four times higher than at 50uC and significantly higher than artificial metalloprotease Cu(II) complexes in Table 1 . In particular, k cat is 110 times higher than that of soluble Cu(II)oxacyclen catalysts 50 . The proteolytic activities of Cu-MOF and Cu(II) complexes reported in the literature were further compared in terms of k cat / K m . Interestingly, the value of k cat /K m is 2.23 s 21 M 21 at 50uC and pH 9.0 for Cu-MOF. This is much higher than that for Cu(II) complexes obtained at 50uC and pH 9.5, except for a homogeneous artificial metalloprotease Cu(II)C 17 . Particularly, the value of k cat / K m (7.73 s 21 M
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) obtained under the optimum condition for Cu-MOF is the highest value of k cat /K m reported so far to the best of our knowledge. This value is 2 times greater than the value obtained for homogeneous artificial metalloprotease Cu(II)C and 200 times greater than that for soluble Cu(II)oxacyclen.
Reusability. As a new type of mimic enzyme, Cu-MOF could also be taken as an effective heterogeneous proteolytic reagent. Cu-MOF can be separated from the hydrolysate and used repeatedly. This gives rise to its most prominent advantages over natural enzyme. Figure 3 shows that Cu-MOF exhibited excellent reusability since it can be recycled ten times without losing a significant amount of its activity. The XRD pattern of the used Cu-MOF was almost the same as the fresh one, indicating that Cu-MOF was stable during the hydrolytic reaction ( Supplementary Fig. S1 ). Moreover, the surface area and the pore volume of Cu-MOF only slightly decreased after reaction (Supplementary Table S1 ). The results confirmed that the frameworks of the Cu-MOF maintained during the proteolysis reaction. 
In order to ensure the protease-like activity is due to the Cu-MOF but not any component that leaches out from Cu-MOF to the reaction solution, the Cu-MOF was centrifuged out at the end of the reaction and the reaction mixture was analyze by ICP. The results are shown in Supplementary Table S2. It is found that when BSA was added, some of Cu 21 leached out into the solution in the first round of reaction. The amount of released Cu 21 decreased sharply since the second run. However, the protease activity of Cu-MOF was not depressed and it could be reused for ten times without losing a significant amount of its activity (Fig. 3) . Therefore, it could be concluded that Cu-MOF plays the role of catalyst in the proteolytic reaction. Meanwhile, the FT-IR spectra of fresh and used Cu-MOF, as well as BSA are shown in Supplementary Fig. S4 . Two new peaks at 620, 2950 cm 21 generated and the intensities of one peak at 1552 cm 21 enhanced after reaction. The peak at 2950 cm 21 and correspond to -CH stretching, which is associated with pure BSA. The stretching band at 1552 cm 21 shows C5O bending vibration of N-H of amide-II, respectively 51 . The peak at 620 cm 21 can be assigned to the wagging of NH 2 of acid amides, probably indicating the structure of protein 52 . The result mentioned above implies some interaction between Cu-MOF and BSA.
For the above reasons, a probable mechanism for catalytic hydrolysis of BSA over Cu-MOF has been proposed as following:
ÀÀÀÀ?hydrolysates ð2Þ
In step (1), Cu-MOF reacts with bits of BSA to form a complex Cu-MOF* (i.e. recycle Cu-MOF). It is proposed that some of the framework structures on the surface of MOF crystal split and Cu 21 were therefore leached out, which was revealed by ICP detection. But the main structure still survived because the XRD pattern of recycle Cu- MOF was almost the same as fresh one. Importantly, Cu-MOF* has some organic fragments from BSA on it (this could be detected by FT-IR). This make Cu-MOF* stable so Cu 21 no longer leached out into the solution. In step (2), Cu-MOF* could catalyze the proteolytic reaction and be reused for many times without losing in its activity. (iii) The metal center of the frameworks (Cu (II)) on the surface of the crystal should play an important role in reaction because of their strong affinity to BSA 50, 53 .
Cu-MOF catalyzed hydrolysis of casein. The success of using Cu-MOF to hydrolyze BSA encouraged us to extend this approach to other proteins. Since there are few reports on the synthesis of artificial proteases used for hydrolysis of casein (from bovine milk), the activity of Cu-MOF was examined further by using casein as the substrates ( Supplementary Fig. S10, S11) .
Casein is weakly soluble in water 54 ) ( Table 1 ). The fact that casein is more difficult to hydrolyze than BSA suggests that it will be harder for Cu-MOF to cleave phosphoproteins than non-phosphoproteins.
Cu-MOF simulated the trypsinizationin cell culture. Trypsin is an essential reagent for routine cell culture work. And EDTA is usually required with trypsin solutions as a chelating agent with gentle dissociative properties that acts to increase trypsin efficiency by neutralizing calcium and magnesium ions because calcium and magnesium ions enhance the cell-to-cell adhesion and obscure the peptide bonds on which trypsin acts and separates the cells 56 . Interestingly, the trypsinization in Lung cancer A549 cells culture could be simulated by using Cu-MOF even without EDTA. There were barely Cu 21 ions (,0.0003 wt%) release from Cu-MOF in pH 7.4 buffer (Supplementary Table S2 ), which implies Cu-MOF is stable. Under the phase contrast microscope, A549 cells were spread well and fusiform or polygonal with clear outlines and smooth edges (Fig. 5a, d ). After they were treated by using 0.1% Cu-MOF for 10 min at 37uC, the edges of A549 cells shrank and became round or even detached from the bottom (Fig. 5b) , which was similar to those cells treated with trypsin-EDTA (0.25% trypsin with 0.02% EDTA) for 2 min at 37uC (Fig. 5c ). When these treated A549 cells were further cultured for 24 h with fresh medium at 37uC, they spread well and the cell membranes were not affected (Fig. 5e, f) . Furthermore, crystal violet staining of these Cu-MOF treated cells showed that A549 cells attached to the plates again and spread well (Fig. 5h) which was similar to those treated with trypsin ( Fig. 5i ) and control group (Fig. 5g) , suggesting the good recovery of normal cells shape. Although the treated time by using Cu-MOF was longer than that using trypsin, the concentration of Cu-MOF was much lower and no EDTA was needed.
Discussion
The present study demonstrates that Cu-MOF has excellent hydrolysis efficiency and stability upon reuse. It can greatly increase the enzymatic activity and stability even at extreme conditions such as very high pH and temperatures. Moreover, Cu-MOF was successfully used to simulate trypsinization in cell culture since it dissociated cells in culture even without EDTA. Although these findings are not clearly understood yet, the high efficient proteolytic activity of Cu-MOF could be attributed to some synergistic effects between the following properties: a large specific surface area and stable welldefined crystalline open structure provides the unique hosting ability of MOF to BSA molecules; also, the space confinement effect of MOF mesopores to biomacromolecules mimics the cage-like nature of an enzyme's active site 37, 57 . The unsaturated Cu(II) sites could also be beneficial for the preferential interactions between BSA molecules and Cu-MOF.
Moreover, during the simulation of trypsinization in cell culture, it is unclear if the growth-and metabolism-related protein expression levels and the apoptosis-related protein expression levels were affected by Cu-MOF. This is worth further investigation in the future.
These findings and previous peroxidase mimics findings [27] [28] [29] induce us to call them ''MOFzymes'' in analogy to the nomenclature of ''nanozymes'' 10, 11 . In the context of their application in the field of proteomics, the availability of various building blocks consisting of metals and organic linkers makes it possible to construct a variety of custom-designed powerful MOFs of which Cu-MOF is just a prototype with intrinsic enzyme-like activities for the specific substrates. In conclusion, the synthesized Cu-MOF with the microporous network and typical octahedral crystals possesses highly efficient intrinsic protease-like activity, catalyzing the proteins (BSA and casein) at aqueous solution and keep great stability during the reaction. Furthermore, Cu-MOF exhibits good stability during hydrolyzing reaction and can be reused for ten times without losing a significant amount of its activity. Although detailed mechanistic information is not available, the present study demonstrates that Cu-MOF possibly could react with BSA to form a complex Cu-MOF*, which has some organic fragments from BSA on it. Interestingly, Cu-MOF is successfully used in cell dissociation without EDTA. These findings mentioned above will open an avenue for using metal-organic frameworks as an artificial protease.
Methods
Chemicals and instrumentation. Benzene-1, 3, 5-tricarboxylic acid was purchased from Aldrich. Copper(II) nitrate hemientahydrate, N,N-dimethylformamide, ethanol and dichloromethane were purchased from Fisher. Bovine serum albumin, casein, trypsin, penicillin, streptomycin and crystal violet were purchased from Sigma. RPMI1640 medium and fetal bovine serum was purchased from Hyclone. All commercial chemicals were used without further purification. Fourier transform infrared measurements were performed on a Nicolet 8700 Instrument. X-ray powder diffraction (XRD) experiments were conducted on a D/max-3B spectrometer with Cu Ka radiation. Scans were made in the 2h range 3-80u with a scan rate of 10u min
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(wide angle diffraction). Pore size distributions, BET surface areas and pore volumes were measured by nitrogen adsorption/desorption measurements using a Micromeritics Tristar II Surface area and porosity analyzer. Prior to the analysis, the samples were degassed at 90uC for 1 h. Scanning electron microscopy (SEM) images of the samples were taken on a FEI Quanta 200FEG microscope. Inductively coupled plasma-atomic emission spectrometry (ICP-AES) analysis was used to determine the contents of Cu 21 released from Cu-MOF. ICP-AES measurement was carried out with a Shimadzu ICPS-1000IV model. A549 cells visualized using an Olympus IX73 microscope.
Synthesis of Cu-MOF. In a typical synthesis, 5.0 g (24 mM) Benzene-1, 3, 5-tricarboxylic acid and 10 g (43 mM) copper (II) nitrate hemipentahydrate were dissolved in 250 mL of solvent consisting of equal parts N, N-dimethylformamide, ethanol and deionized water. The solution was filled in a 1 L wide mouth glass jar and heated at 90uC for 20 h. After cooling, the product in the solution was filtered off to remover excessive reactants, washed with DMF and immersed in dichloromethane for 3 d. The fresh dichloromethane was replenished three times and removed under vacuum at 170uC. The pure Cu-MOF was obtained.
Sample preparation. Distilled and de-ionized water was used for preparation of buffer solutions. Buffers (50 mM) used in this study were phosphate buffered saline (pH 7.4) and boric acid buffer (pH 8.0-9.0). All buffer solutions were filtered with 0.45 mm Millipore microfilter before use. All tests used fresh solutions. The resulting protein solution was stored at 220uC before use.
Effect of pH on catalytic hydrolysis of BSA. Experiments on the effect of pH were performed at a fixed temperature (50uC). BSA dissolved in 50 mM phosphate buffered saline (pH 7.4) and boric acid buffers (pH 8.0-9.0) were filtered with 0.45 mm Millipore microfilters. The pH measurements were carried out with a Lei ci pHS-25 pH/Ion meter. The concentration of BSA was 15 mM. Then Cu-MOF (1.24 mM) was added to 10 mL BSA solution and reacted for 50 min. After the incubation, hydrolysate was subjected to SDS-PAGE. The degree of hydrolysis on BSA was determined by the plot of 2ln[S]/[S] 0 against time.
Proteolysis reactions. The BSA solution (15 mM, 10 mL) was added to the Cu-MOF with gentle vortex mixing, and then the activity of Cu-MOF was measured at pH 9.0, the temperature from 37 to 70uC, and the time from 0 to 5 h. The Cu-MOF concentration was 0.99 mM. The reaction results were collected at a shaking speed of 180 rpm. The peptide solution was separated from the solid MOFs by centrifugation for 20 min. For the enzyme control, digestion was performed by adding trypsin to the pretreated protein sample with a substrate-to-enzyme ratio of 4051 (w/w). After different reaction times, 0.5 mL hydrolysate was drawn from the reactor system and centrifuged at 7500 rpm for 20 min. The products were separated by denaturing polyacrylamide gel electrophoresis (SDS-PAGE) with a Cleaver SD10 model. The rate of protein cleavage was measured by monitoring the decrease in the intensity of the electrophoretic bands and MALDI-TOF MS. The densities of the electrophoretic bands were analyzed with an Alpha View SA model. MALDI-TOF MS analysis was carried out with an autoflex speed reflection model and a linear model. The kinetic data were measured at various C 0 (0 , 1.24 mM) at the optimum pH 9.0 and temperatures of 50 and 70uC. The degree of cleavage of proteins was measured by SDS-PAGE. Hydrolysis of casein. The proteolytic reaction with 1 mg?mL 21 casein substrate was performed at 50uC and 70uC, with a pH 9.0. Rate data were collected by varying the amount of Cu-MOF (0 , 1.74 mM). After different reaction times, 0.5 mL hydrolysate was drawn from the reactor system and centrifuged at 7500 rpm for 20 min. The protein in clear liquid was examined by SDS-PAGE. The rate of protein cleavage was measured by monitoring the decrease in the intensity of the electrophoretic bands corresponding to casein.
Reuse of Cu-MOF. The proteolytic reaction was performed at 70uC and pH 9.0. Cu-MOF (0.99 mM) was added to BSA solution (15 mM). Every 5 min, 0.5 mL hydrolysate was withdrawn from the reaction system and centrifuged at a speed of 7500 rpm for 20 min. Then the protein in clear liquid was examined by SDS-PAGE. To evaluate the reusability of Cu-MOF, the insoluble catalyst was recycled after the catalytic reaction. Cu-MOF was recollected by centrifugation and shaken in water for 15 min. Then the catalyst was washed with ethanol three times. The solvent was removed under vacuum at 170uC for 2 h. The recycling was conducted ten times.
Cancer cell line and culture. The human non-small cell lung carcinoma (A549) cell line was purchased from the American Type Culture Collection (ATCC). The cells were grown in RPMI1640 medium supplemented with 10% fetal bovine serum, 100 Units mL 21 penicillin and 10 mg?mL 21 streptomycin at 37uC in a humidified incubator with 5% CO 2 .
Cu-MOF simulated the trypsinization and cell recovery. A549 cells (1 3 10 4 /well) were seeded on 35 mm dish. Once 80% of confluence is reached, A549 cells were washed with PBS. 0.1% Cu-MOF and 0.25% trypsin-0.02% EDTA were added to the culture medium and cells were incubated for 10 min and 2 min, respectively. Afterwards cells were washed with PBS buffer and then visualized using an Olympus IX73 microscope. Then cells added fresh medium and incubated 24 h.
Cell staining. After treated with 0.1% Cu-MOF, cells were washed with PBS buffer and fixed with 4% ice-cold paraformaldehyde for 10 min, washed in de-ionized water once and stained with 0.25% crystal violet at room temperature for 15 min. Afterwards cells were carefully washed with de-ionized water three times and then visualized using Olympus IX73 microscope.
